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Abstract H

L
Wave rotorsmay play a roleas topping cyclesfor

jetengines,sinceby theiruse,the combustion tempera- P_i

ture can be raisedwithout increasingthe turbineinlet

temperature. In order to design a wave rotor for this, or o
any other application, knowledge of the loss mechanisms Pin

is required, and also how the design parameters affect P_o
those losses. At NASA Lewis Research Center, a three-

t
port wave rotor experiment operating on the flow-

divider cycle, has been started with the objective of w

determining the losses. The experimental scheme is a

three-factor Box-Behnken design, with passage opening
time, friction factor, and leakage gap as the factors, fl

Variation of these factors is provided by using two

rotors, of different length, two different passage widths "/

for each rotor, and adjustable leakage gap. In the experi- 5
ment, pressure transducers are mounted on the rotor,

and give pressure traces as a function of rotational angle 5b_
at the entrance and exit of a rotor passage. In addition,
pitot rakes monitor the stagnation pressures for each r/

port, and orifice meters measure the mass flows. The u

results show that leakage losses are very significant in
r

the present experiment, but can be reduced considerably

by decreasing the rotor to waJl clearance spacing.

heightof a passage on the rotor

lengthof the rotor

stagnation pressure at the high pressure

outlet

stagnationpressureat the inlet

stagnationpressureatthe low pressureoutlet

time

tangential velocity of the rotor at the radius

of the passages

ratio of mass flow in high pressure port to
total mass flow

ratio of specific heats

spacing between rotor and wall or port

boundary layer thickness

efficiency

kinematic viscosity

dimensionless opening time, defined in

Eq. (1)

a

B

bo,bi,bii

Dh

F

G

Gp

Gw

Nomenclature

speed of sound

width of a passage on the rotor

constants defined in Eq. (5)

hydraulic diameter of passages

dimensionless friction parameter, defined in

Cs)

dimensionless leakage gap, defined in Eq. (4)

value of G evaluated at a port

value of G evaluated at a wall

Introduction

Wave rotors are devices which use unsteady waves

to produce steady streams of gas which axe at either

higher or lower stagnation pressure than the input

stream. The rotor itself has a set of axially aligned pas-

sages on its periphery. As the rotor rotates, these pas-

sages are alternately exposed to ports at differing

pressures. Typically, at the exhaust, or low pressure,

port, the passage contains gas at some higher pressure

just before the passage rotates into juxtaposition with

the port. Exposure to the low port pressure causes an

expansion wave to propagate into the passage. Later in

the cycle, the passage, now at lower pressure, will be

opened to the inlet port, where the gas is at higher



pressure, thereby causing a shock wave to be propagated

into the passage.

The exact sequenceofwaves willdepend on the cy-

cleemployed. Severaldifferentcyclesare possible,each

serving a differentfunction.Examples are three-port

cycles,used as flow dividers or equalizers,1 four-port

cycles,used for superchargers,2 topping cyclesfor gas

turbineengines,3 and a wave superheaterwind-tunnel,4

and fiveand nine port cycles,again intended for use as

topping cycles,s

At NASA Lewis Research Center,the main interest

inwave rotorsisas a topping cycleforjetengines.This

applicationisshown schematicallyin Fig. 1. Air from

the compressor would pass to the wave rotor insteadof

going directlyto the burner. The airiscompressed in

the wave rotor,and then proceeds to the burner.From

the burner,the airreturns to the wave rotor,where it

expands, and in doing so,compresses the incoming air,

and then isexhausted to the turbine.Since the expan-

sionstepinsidethe wave rotordrops the temperature of

the air,the temperature of the air at the turbineinlet

willbe lower than the temperature ofthe airleavingthe

burner.Thus, for a fixedturbineinlettemperature,an

Types of Losses

Although severalwave rotorshave been builtin

the past, no study of losses appears to have been

reported,other than theoreticalestimates by Hoerler.7

Two major lossesare the stagnation pressure lossin

shock waves, and the mixing lossresultingfrom nonuni-

form velocitydistributionsin the output ports.These

however, are readily calculable, and so can be included

in any theoretical model of wave rotor performance. Less

easy to calculate are the losses caused by the specific ge-

ometry of the wave rotor. These are the losses due to the

finite passage opening time, friction, and leakage. These
effects have been included in the one-dimensional com-

putational fluid dynamics (CFD) model of Paxson, s'l°

but determination of the validity of the model, and eval-

uation of some constants requires recourse to experi-

ment. Such an experiment will require variation of the

parameters on which these losses depend. The parame-
ters are described below.

Finite Passage Opening Time

Since the passages have a finite width, there is a

engine with a wave rotor topping cycle w!l] havea finite time taken fora passage to rotate past the leading
higher combustion temperature, and hence higher effi- or trailing edge of a port, and become fully_opened or

ciency and also higher specificpower, than the sane

enginewithout a wave rotor topping cycle._ Obviously,

for maximum output, the efficiencyof the wave rotor

should be as high as possible,i.e.,the lossesshould be

minimized. In order to do this,itisnecessaryto know

the source of the losses,and theirdependance on con=

trollingparameters.This study isaimed at assessingex-

perimentallythe magnitude ofvariouswave rotorlosses

as a function of the parameters which affectthem.

closed.In the case ofan input port,forwhich instanta-

neons opening ofthe passage would cause a shock wave

to propagate do_ the passage, a finite opening:: time=
will result in a compression wave, which will steepen
into a shock as it travels down the passage. The degree

to which it steepens depends on the ratio of the opening

time to the time taken by the wave to travel the length

of the passage. Thus the relevant nondimensional

parameter is

This willbe achieved by measuring the perform-

ance of a wave rotoras variousgeometricalparameters

(passagewidth,rotorlength,and rotor-casingclearance}

are varied.The lossesare not specificto one cycle,and

so any convenient cyclecan be used forthisstudy.For

simplicity,the three-portflow dividercyclewas chosen.

In order to make an experimental study of losses,
a wave rotor has been built at NASA Lewis, operating

on the three-port flow divider cycle. In this report is a

brief statement of the philosophy of the experiment, a

description of the experiment, and the measurements

made. Finally, initial results are presented showing that

reduction of the rotor to wall clearance gap leads to a

large increase in performance.

T

Passage opening time

Wave travel time

b a

w L

(I)

where a istaken at some referencecondition,e.g.,the

input stagnationvalue.Note that forany particularcy-

cle,the rotorvelocity w willbe inverselyproportional

to the axiallength of the passage L, and hence r is

determined mainly by the value ofthe passagewidth, B.



Friction

Accurateassessments of the effectsof friction

would requirea calculationof the unsteady boundary

layerdevelopment throughout the cycle---amonumental

task.However, the thicknessof the boundary layer on

an acceleratingflat plate is known from Rayleigh's

solutionas

(2)

Substitutingthe time taken by a wave to traveldown

the passage forthe time inEq. (2),and dividingby the

passage hydraulic diameter gives as a nondimensional

frictionfactor,

F = ¢_-/a (3)

Dh

Leakage

Leakage can take place from the passage to the

casing ifthe passage is at high pressure,or from the

casing to the passage ifthe passage isat low pressure.

The resultwillbe a %hort-circuiting_ from high pressure

to low, leadingto reduced performance. For any given

passage, the area availablefor leakageis2B5 (the fac-

tor 2 isbecause leakagecan occur at both top and bot-

tom of a passage),and the area forregularflow isBH.

Thus the nondimensional leakage parameter G, isthe

ratioofthesetwo areas,i.e.,

C = _26 (4)
H

Experimental Design

From the above, itisclearthat thereare at least

three parameters to vary in order to be able to obtain

estimatesofthe lossesclueto the mechanisms involved.

An efficientway to formulate an experiment to obtain

empiricalfitsto the data when thereare threeor more

variableparameters isthe Box-Behnken scheme,n This

scheme is illustratedfor three variables in Fig. 2.

Imagine a box, each sideofwhich extendsfrom the min-

imum value of the corresponding variableto the maxi-

mum value of the variable.Experimental readings are

taken atthe pointsindicatedinthe middle ofeach side,

togetherwith threereplicatepointsat the centerof the

box. Itisthen possibleto fitthe resultswith a second-

degree polynomial. For example, ifthe measured vari-

able is r/,and the independent variablesare r,F, and

G, then the fitwillbe of the form

t/ = b o + bl_+ B2F + B3G + bll_ 2

-{- b22F 2 + b33G 2 + b12_'F -{- bl3rG + b23FG

(5)

where the constants bo, bi, and bii are "determined

from the experimentalmeasurements. The replicationof

the centerpoint provides an estimate ofthe experimen-

talerror.

This isthe philosophy on which the NASA Lewis

wave rotorexperiment was based.A reviewofthe litera-

tureshowed that r,F, and G had differedsignificantly

for rotors builtin the past, with insufficientdata to

determine which parameter ismost important. Conse-

quently, itwas feltto be important to try to determine

the efficiencyasa functionof _',F, and G in the man-

ner describedabove,sothat the importance ofeach vari-

ablecan be ascertained.In order to be able to change r

and F, the actualexperiment consistsoftwo different

rotors,both 12 in.in diameter,but one 18 in.long,the

other 9 in.long.Both were builtwith passages 0.25 in.

wide, and 0.4 in. high, with 120 passages per rotor.

After a seriesof runs at 0.25 in.passage width, every

other wall will be removed, and another seriesrun at

approximately twice the passage width. This combina-

tion givesthreevaluesof r,and threevalues of F.

Leakage between the rotor and the casing will

occur predominantly where the pressuredifferencebe-

tween the casingand rotorpassage islarge.Initially,it

was thought thatthiswould be only at the high and low

pressureports,and that thereforeitwould only be neces-

sary to vary the leakageparameter G at the ports.In

orderto do this,the portswere builtas inserts.Placing

shims under the flangeof the insertpermitsvariationof

the rotor to port gap. Later, computational results

showed that a largepressuredifferentialexistswhere the

expansion wave reflectsfrom the wall on the input side,

and that itwas necessary to controlthe rotor to wall

gap also.A photograph ofthe apparatus,with the 18-in.

rotorin place,isshown in Fig. 3.

As mentioned previously, wave rotors can be oper-

ated on a variety of cycles, depending on the intended

purpose of the wave rotor. For an experiment of the
kind envisioned here, a simple cycle, without the compli-

cations of a burner, seemed more desirable, and the

three-port, flow divider cycle was selected. In prior work,

it has frequently been assumed that all the waves are

weak, so that the acoustic approximation can be ap-

plied. This however limits the pressure ratio to small

values. For topping cycle application, the pressure ratio

should be as large as possible, and so a secondary objec-

tive was to operate the wave rotor under conditions for

which the acoustic approximation would not be valid.



Consequently, an expansion ratio of 0.33 was chosen,

corresponding to a Mach number of the expanded flow

of 0.85. The expansion ratio is the ratio of the pressure

in the low pressure port to the pressure in a rotor pas-

sage just before it is opened to the low pressure port.
This ratio determines the Mach number of the flow in

the 10w pressure port.

The choice of a strong expansion meant that the

cycle could not be calculated with the acoustic approxi-

mation, and either characteristics, or a CFD approach
had to be used. An x-t diagram of the cycle, calculated

using characteristics, assuming inviscid flow, and instan-

taneous port openings, is given in Fig. 4. It is assumed

that the gas is at rest at uniform pressure just before it

is rotated to open to the low pressure port. When the

right-hand end of the passage is exposed to the low pres-

sure port, an expansion wave travels to the left into the

passage, accelerating the gas out of the passage, and into

the port. As can be seen, the expansion broadens consid-

erably as it propagates. The expansion wave reflects

from the closed left-hand end of the passage, and returns

to the low pressure port, slowing, and eventually stop-

ping the outflow. When the gas velocity becomes zero,

the port is closed. There are still waves inside the pas-

sage, and one of these, a compression wave generated by
the reflection at the constant pressure outlet of the

reflected expansion wave, gradually steepens to form a
shock wave. Later, the passage rotates so that the left-

hand end is exposed to the inlet port. The pressure in

the passage is lower than that in the inlet port, and a

shock wave is driven down the passage. The timing has

been chosen so that this main shock catches up with the

reflected, steepened compression wave as both reach the

right-hand wall. The combined shock is now reflected off

the right-hand wall, just as the high pressure port is

opened. This reflected shock travels back to the left,

raising the pressure, and reducing the velocity of the gas
as it does so. When the shock arrives at the left-hand

end, the passage rotates past the end of the input port,

closing that end. Since the gas is moving to the right,

this causes a small expansion wave to travel to the

right, to bring the gas to rest. When this expansion

reaches the right-hand end, the passage is rotating past

the end of the high pressure port, closing that end, and

trapping the gas inside the passage, ready to start the

cycle all over again.

Experimental Measurements

Kentfield 1 has shown that the efficiency of a flow

divider can be expressed as

L,,o o_(_-1)/_

= - 1 (6)

Thus it is important to measure the mass flows, and the

stagnation pressures of the inlet, high pressure, and low

pressure flows. A schematic diagram of the apparatus is

given in Fig. 5, showing how this is done. The mass
flows are measured with standard orifice meters, one in

each flow leg. The inlet and outlet ports are obviously

sections of an annulus. A transition piece in front of the

inlet port takes the flow in the inlet pipe, and converts

it to the port shape, accelerating the flow in the process,

as well as bringing it onto the rotor at the correct angle.

Immediately upstream of the transition piece, but down-

stream from the orifice, is a diagnostic spool, with three

wall static taps, and five pitot tubes, and a thermo-

couple to measure the velocity distribution at the spool.

From these measurements, the mass flow, and the effec-

tive inlet stagnation pressure can be evaluated. Simi-

laxly, the output ports have transition pieces to take the

flow from the port shape back to round, and which also
act as diffusers. The downstream area of these diffusers

is fLxed by the exhaust pipe diameter. With the diffuser

area ratio determined, the length was chosen to give

maximum diffuser efficiency using the diffuser perform-
ance curves of Ref. 12. Initially, a diagnostic spool was

placed immediately at the exit of each diffuser, but the
velocity distribution was found to be very nonuniform.

To cure this problem, VORTAB TM flow conditioners 13
were installed between the exit of the diffusers and the

diagnostic spools. The flow conditioner pressure drop

was calibrated in a separate test.

In addition to the above measurements, there were

five static pressure taps on the top and bottom of each

port, and four pitot tube installations. The pitot instal-

lations carried either a rake of five pitot tubes to

determine radial velocity distribution, or a five-probe

directional pitot probe, 14 to determine centerline veloc-

ity and direction. All steady state pressure measure-

ments were recorded through an electronically scanned

pressure (ESP) measurement system. The pressure meas-
uring system automatically self-calibrates every 20 rain.

to maintain a 0.1 percent accuracy. The ESP system

communicates through an Institute of Electrical and

Electronics Engineers 488 interface to a state-of-the-art,

real-time data acquisition system designed at NASA

Lewis. ls The data system was designed for small to

medium sized aeronautics facilities, most of which

are currently testing rotating machinery. The system

4



acquiresdata,convertsittoengineeringunits,computes

testdependant performance calculations,and displays

the informationinalphanumeric or graphicalform. The

cycletime is1 sec.

Another import'antmeasurement was the dynamic

on-board rotorpressure.Six dynamic pressuretransduc-

ers (Endevco Model 8530, with 100 kHz response)were
fittedinto the rotor.Two were near the entrance to the

passages,two inthe center,and two near the exit.One

set(entrance,center,exit)was inone passage,the other

set in a passage diametricallyopposed to the firstset.
The transducerswere mounted flushwith the lowerwall

of the passage. The signalsfrom the transducerswere

taken offthe rotorthrough a slipring,displayedon a

Tektronix oscilloscope,and recorded on tape. These

measurements were used forcomparisons of the actual

pressurehistorywith that calculatedfor the postulated

cycle.

Control ofthe wave rotorflowswas by a butterfly

valve in each leg. The supply pressure was around

55 psia.The inletvalve was adjusted to throttlethis

supply pressure down to the desiredinletstagnation

pressure,usually30 psia.The expansion ratiowas setby

the low pressurevalve,based on a low pressureport

staticpressurereading, and a pressuretap in the end-

wall givingthe passage pressurejust beforeopening to

the low pressureport.The high pressurevalvecontrolled

the mass ratio /3,based on the input and high pressure

orificemass flow readings.The rotor was turned by a

variablespeed electricmotor with a constant speed con-

trol.An independent measurement of the rotor speed

was also made.

Results

An oscillogram of the inlet and exit on-board pres-

sure transducer signals obtained in an early run is shown

in Fig. 6. The inlet signal shows that the pressure is

reasonably uniform before the arrival of the expansion

wave caused by the opening of the low pressure port.
When the wave arrives, the pressure drops, falling to a

value below that of the low pressure port. Opening of

the inlet port causes the main shock to be propagated

into the passage. Arrival of the reflected shock is seen

briefly before the inlet port closes, creating the second

expansion which brings the flow to rest. On the exit

side, the pressure is constant prior to the opening of the

low pressure port, then drops to the port value. Later,

the high pressure port opens at the same time as the
main shock is reflected, raising the pressure above the

inlet pressure. The pressure falls again when the port
closes simultaneously with the arrival of the second ex-

pansion. This is apparently in agreement with the postu-

latedcycleas shown in Fig. 3;the featuresfound in the

oscillogramcan be seenin Fig. 3 ata given pressuretap

locationby startingat t = 0,and moving verticallyup-

ward inthe diagram. There isone exceptionhowever; in

the postulatedcycle,the pressureon the exitsideiscon-

stant while the low pressureport isopen, then fallsas

the tailof the reflectedexpansion arrives,only rising

again when the main shock arrives.In the experiment,

when the low pressure port isclosed,a shock wave is

generated,raisingthepressure.The reasonforthisshock

isseen inFig. 7,which givesthe measured velocityas a

functionofpositioninthe low pressureport.Also drawn

in Fig. 7 isthe velocitydistributionexpected from the

characteristicssolution.The predictedvelocityfallsto

zero at port closing,whereas the actualvelocityclearly

does not. Closing the passage when itstillhas an out-

ward velocitywillgeneratea hammer shock bringingthe

gas torest.CFD calculations1°were made to try toex-

plainwhy the gas stillhad a significantoutward velocity

atport closingin the experiment,but not inthe theory.

The only lossesin the characteristicscalculationare

mixing lossesin the ducts externalto the wave rotor.

The CFD calculationdoes have finiteopening, friction,

and port gap leakagelosses.Even when theselosseswere

setat highervaluesthan expected,itwas not possibleto

createthe hammer shock at the port closing.However,

when endwall leakage was included,the hammer shock

did appear. This isexplained as follows:when the ex-

pansionwave reachesthewall atthe inletside,the pres-

sure in the passages drops rapidly,fallingbelow the

value inthe rotorcasing,and thus ingestingairintothe

passages from the casing through the rotor-wallgap.

This setsup a outward velocityin the passageswhich is

not cancelledby the reflectedexpansion wave. Conse-

quently,there isstillvelocityin the passages when the

port closes,givingrisetothe hammer shock.The magni-

tude of thisleakage isa functionof the rotor-wallgap,

and this gap plays a largerrole than the gap at the

ports.

The conclusionabove led to a redesignof the ex-

periment to includefalseend-walispermittingvariation

ofthe rotor-wallgap G w everywhere,independently of

the variationofthe gap at the ports Gp. An oscillogram
from a run with the falsewalls in place is shown in

Fig. 8.For thisrun, the value ofboth Gp and G w was
0.025,compared with about 0.1 for the run ofFig. 6.It

isseenthat the strengthofthe hammer shock createdby

closingthe low pressure port issignificantlyreduced.

The signalfrom the centralpressuretransducershows all

the features expected from the characteristics diagram--

the main expansion, the combined hammer shock and

steepened compression wave, the main shock, followed

by the reflected shock, and finally the secondary expan-

sion. Thus the reduction in the leakage has resulted in

a cycle very close to the postulated cycle.



The leakage reduction also gave improved per- 3.

formance. The performance of a flow divider can be indi-
0 0 0 0

cated by plotting Phl/Pin versus Plo/Pin at a constant
value of/3.1 The results of the present experiment, plot-

ted in this manner, are shown in Fig. 9, for three values 4.

of G, namely 0.1, 0.05, and 0.025, and a nominal value

of/3 = 0.37. As can be seen from Eq. (6), at a fLxed

Plo/Pin, a highervalue of/9, and for a given value of o o

P_i/P°n corresponds to a higher efficiency. The improve-
ment created by reducing the value of G is evident.

Quantitatively,for/3 = 0.37, the maximum efficiency, at 5.

an expansion ratio of 0.6 (expansion Mach number

= 0.38) was 0.09 for G = 0.1, whereas for G -- 0.025,
the maximum efficiency was 0.17 at an expansion ratio

of 0.6. Using the CFD program of Paxson, 8'9 the

calculated efficiency is 0.21 for/3 = 0.37, G = 0, and an

expansion ratio of 0.6. Reducing the value of G to 0.025

has significantly improved the performance over that
obtained at G = 0.I, but stillfurtherreductionsin G 6.

are desirablefor the performance to approach that cal-

culatedfor G = 0.

Conclusions 7.

Initialresultsfrom the NASA Lewis wave rotor

experiment have demonstrated the importance of mini-

mizing leakagebetween the rotorand the casing.Using

a three-port,flow dividercycle,leakage was varied by

adjustingthe clearancegap between moveable end walls 8.

and the rotor.Reducing the clearance from 0.020 to

0.005 in.resultedin an increasein efficiencyfrom 9 to

17 percent,for runs for which the high pressure mass 9.

flow was 0.37 times the total mass flow, and the low

pressureoutput Mach number was 0.38.For thiscase,

the calculatedefficiencywithout leakage is21 percent.

The effectof leakage on the wave cycle was also ob-

served,with the wave pattern approaching that calcu- I0.

lated assuming no leakage as the clearance gap was

reduced. Future runs will permit evaluation of the

effectsof frictionand finiteopening time as well as

leakage.

I.
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Wave rotor

f
L_ Compressor L_ Turbine

Figure 1 ._hemati¢ diagram showing a wave rotor as a topping

cycle for a jet engine.

Figure 3._Photograph of the apparatus.

tcycle • _

) .

Figure 2.--Illustration of the Box-Behnken

design of an experiment for three variables.
Runs are made at values of the variables

....the three concentric circles is repeated

three times.

Figure 4._a,n x-t diagram of the flow divider cycle chosen for the

experiment, as evaluated by the method of charactedstics_
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Figure 5.---Schematic diagram of the experiment, showing the diagnostics used.
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Figure 6.--Oscillogram of the trace from the on-board pressure
transducers at the entrance and exit of the rotor passage in an
esrly run. G = 0.1.
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Figure 7.--Velocity as a function of position in the port for an early
run, together with the predicted velocity distribution from the
characteristics calculation. G = 0.1 for the experimental points.
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Figure 8.---Oscillogram of the trace from the on-board pressure
transducers at the entrance and exit of the rotor passage in a
later run with variable rotor-wall gap, G = 0.025.
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